We have developed an analytical method to determine the segregation levels on the same tilt boundaries (TBs) at the same nanoscopic location by a joint use of atom probe tomography and scanning transmission electron microscopy, and discussed the mechanism of oxygen segregation at TBs in silicon ingots in terms of bond distortions around the TBs. The threedimensional distribution of oxygen atoms was determined at the typical small-and large-angle TBs by atom probe tomography with a low impurity detection limit (0.01 at.% on a TB plane) simultaneously with high spatial resolution (about 0.4 nm). The three-dimensional distribution was correlated with the atomic stress around the TBs; the stress at largeangle TBs was estimated by ab initio calculations based on atomic resolution scanning transmission electron microscopy data and that at small-angle TBs were calculated with the elastic theory based on dark-field transmission electron microscopy data. Oxygen atoms would segregate at bond-centred sites under tensile stress above about 2 GPa, so as to attain a more stable bonding network by reducing the local stress. The number of oxygen atoms segregating in a unit TB area N GB (in atoms nm −2 ) was determined to be proportional to both the number of the atomic sites under tensile stress in a unit TB area n bc and the average concentration of oxygen atoms around the TB [O i ] (in at.%) with N GB ß 50 n bc [O i ].
Introduction
Most of the silicon (Si) ingots used for solar cells are grown by the cast or Czochralski (CZ) method, in which a high concentration of oxygen atoms (up to 0.002 at.%) is inevitably introduced from the crucible. Oxygen atoms can limit the carrier diffusion length and consequently influence the solar cell performance, depending on their structural condition in the ingots (such as the atomic arrangement and distribution). They do not influence the cell performance when they are in the isolated interstitial form. Meanwhile, they prefer to segregate at lattice defects such as grain boundaries (GBs), during crystal growth and device fabrication processes (Bothe et al., 2009; Sabatino et al., 2011; Tajima et al., 2012; Hess et al., 2013) . These oxygen agglomerates deteriorate solar cell efficiencies, since they can act as recombination centres (Chen et al., 2011; Haunschild et al., 2011; Murphy et al., 2014) , as gettering sites for harmful metallic contaminants (McHugo et al., 1997; Hieslmair et al., 1998) and as nucleation sites for dislocation arrays (Tachibana et al., 2012) . It is therefore important to understand the oxygen segregation mechanism to engineer the structural condition of oxygen atoms in Si ingots.
GB segregation would take place so as to reduce both the strain energy and the electronic GB energy (Seager, 1985) , and effects of the segregation levels on solar cell performance have been examined for various GB structures with different tilt angles and boundary planes (Buonassisi et al., 2006; Chen & Sekiguchi, 2007; Yu et al., 2010; Sameshima et al., 2012) . Small-angle tilt boundaries (SATBs), of which the tilt angle is smaller than about 10°, are composed of arrays of edge dislocations whose density is determined by the tilt angle. They are frequently introduced in Si ingots during the conventional-cast (Tachibana et al., 2009; Tajima et al., 2012; Kutsukake et al., 2015) and mono-cast (Kutsukake et al., 2009; Tsoutsouva et al., 2014) growth processes. They can also be introduced in device fabrication processes, even in monocrystalline CZ-Si, from precipitates (Tachibana et al., 2012) , GBs (Kutsukake et al., 2011) and stacking faults (Kivambe et al., 2012) . They are preferentially segregated with oxygen atoms (Kato et al., 2014) , depending on the tilt angle (Tajima et al., 2012) , and they deteriorate solar cell efficiencies via the segregation (Tachibana et al., 2009) . Meanwhile, the GBs with tilt angle larger than about 10°, so-called large-angle tilt boundaries (LATBs), can be characterized with values within the coincidence site lattice model. 3{111} GBs with the <110> tilt axis, whose GB energy is close to zero because of a lack of dangling bond and little bond distortion (Kohyama, 2004) , are frequently introduced in cast-Si, and their interactions can result in the formation of 9 and 27 GBs with the <110> tilt axis. Even though the segregation levels of the LATBs are not examined quantitatively for oxygen atoms, it is generally believed that the levels would increase with increasing the number, like the segregation levels for metallic impurities (Chen et al., 2004) .
Oxygen segregation processes have been examined by analytical techniques based on transmission electron microscopy (TEM) (Sabatino et al., 2011) . TEM enables us to analyse impurity configurations at heavily segregated GBs (Frolov et al., 2013; Nie et al., 2013; Ohno et al., 2015a) and three-dimensional (3D) grain orientations (Liu et al., 2011) . However, the initial stage of GB segregation has not been fully understood at atomistic levels, since oxygen agglomerates smaller than a few nm in size are difficult to analyse by TEM (with an impurity detection limit of 0.05-0.1 at.% at most) (Walther et al., 2014) . Recently, we have systematically examined the 3D distribution of oxygen atoms at tilt boundaries by atom probe tomography (APT), which has a low detection limit, lower than the limit of TEM (about 0.01 at.% on a GB plane) simultaneously with a spatial resolution comparable to the resolution of TEM (0.4 and 0.2 nm in lateral and depth resolutions at best) (Akutsu et al., 2008) . Oxygen distributions at SATBs (Ohno et al., 2015b; 2016) , at LATBs 2016; 2017) and at arrays of GB dislocations in LATBs (Ohno et al., 2016) were systematically examined. The 3D distribution was correlated with the atomic hydrostatic stress around the GBs; the stress around LATBs was estimated by ab initio calculations based on atomic-resolution scanning TEM data (Ohno et al., 2017) , and SATBs and GB dislocation arrays was calculated with the standard elastic theory based on dark-field TEM data (Ohno et al., 2015b) . In the present work, we have summarized all the APT data and constructed the comprehensive mechanism for the oxygen segregation at GBs: it is hypothesized that oxygen atoms preferentially segregate at the atomic sites under specific atomic stress so as to attain more stable bonding network by reducing the local stress. This finding would help to engineer the distribution of oxygen agglomerates at GBs in controlled fashions (Falster & Voronkov, 2008) , as well as to control metallic contaminants by phosphorous diffusion gettering Fenning et al., 2013; Seibt et al., 2013) and thermal (Buonassisi et al., 2005) processes, disturbed by oxygen agglomerates.
Materials and methods

Growth of Si ingots with tilt boundaries
The segregation levels of GBs are rather sensitive to the microstructure of the GBs (Herbig et al., 2014) . In order to discuss the intrinsic segregation levels, 1-inch Si ingots with pure tilt boundaries were grown by the CZ method. By using a [100] bicrystal seed prepared by combining two square prisms of Si with nearly (100), SATBs with the tilt axis of [100] were introduced (Ohno et al., 2015a) . 3{111} GBs without GB dislocations were intentionally introduced by applying thermal shocks during CZ growth , and 9{221}, 9{114}, 9{111}/{115} and 27{552} GBs were spontaneously formed as a result of the interaction of 3{111} GBs (Ohno et al., 2017) . Oxygen atoms were inevitably introduced from the silica crucible, and the concentration in as-grown ingots [O i ] was, on average, about 0.002 at.%. Some ingots were doped with arsenic (0.03-0.15 at.%) and boron (0.04-0.08 at.%) atoms during the CZ growth, in order to examine the effect of doping on the oxygen segregation at GBs.
We also examined a 100-mm mono-cast Si(100) ingot in which 5{013} GBs with the tilt axis of [100] were artificially introduced (Kutsukake et al., 2014) , to suppress polycrystallization during the growth (Kutsukake et al., 2013) . Many segments of 5{013} GBs were decorated with GB dislocations arranged at similar distances between the dislocation cores (Ohno et al., 2016) . The dislocation lines expanded parallel to the growth direction, and the Burgers vector was normal to the GB plane. Therefore, those edge dislocations would be generated due to misorientation between the seeds. Also, isolated dislocations were undesirably introduced at the junctions between the seeds, presumably due to thermal shock (Oriwol et al., 2013; Trempa et al., 2014) , impurity segregation (Tsoutsouva et al., 2014 (Tsoutsouva et al., , 2015 and misorientation between the seeds (Trempa et al., 2015; Tsoutsouva et al., 2015) , and they would act as a source for the development of SATBs (Ryningen et al., 2011) . As in CZ-Si, oxygen atoms were inevitably introduced from the crucible. The average concentration [O i ] in as-grown ingots (about 0.0006 at.%) was, however, lower than in CZ-Si (Kutsukake et al., 2012) . Also, small amount of metal impurities such as copper and nickel atoms (of the order of ppm) were inevitably introduced from the mould lubricant on the crucible surfaces.
TEM and ab initio analyses of GB structures
A surface on as-grown ingots was etched with a reagent of 3HNO 3 :1HF, and GBs were observed as grooves on the surface.
The GB character was analysed by electron back-scattered diffraction. For LATBs, we selected pure boundaries on which secondary defects inducing defect levels were not detected by chemical etching and by photoluminescence imaging of inter-band transition at room temperature (Kutsukake et al., 2015) . Then, foils with a GB (about 80 nm thick) were cut from the surface by using a focused-ion-beam system (FEI, Helios NanoLab600i). The geometry and crystallography of the GB was determined by conventional TEM (with a JEOL JEM-2000EX), and the atomic arrangement at the GB was examined by high-angle annular dark-field scanning TEM with the incident direction parallel to the tilt axis (with a JEOL JEM-ARM200F microscope).
As model GBs, the atomic stress of symmetric 9 GBs with different GB planes, i.e. 9{221} and 9{114} GBs, were examined by ab initio calculations (Ohno et al., 2017) . A cuboid cell with two 9{221} GBs consisting of 64 atoms (1.16 × 2.92 × 0.39 nm 3 ) and one with two 9{114} GBs consisting of 248 atoms (4.09 × 1.64 × 0.77 nm 3 ) were constructed with high-angle annular dark-field data, and they were relaxed by ab initio calculations with the projector-augmented wave method based on the generalized gradient approximation implemented by the Quantum Materials Simulator package (Ishibashi et al., 2007) . Stable structural models with no dangling bonds were obtained, and an atomic hydrostatic stress was then estimated by atomic-region integration of ab initio stress density obtained by the Quantum Materials Simulator code (Shiihara et al., 2010; Wang et al., 2013) . The fuzzy-Voronoi method (Becke, 1988 ) was used to determine atomic regions, due to the instability of the Bader integration (Wang et al., 2013) ) for Si crystals. At the present moment, unisotropic stresses cannot be discussed by ab initio calculations.
APT analyses of 3D oxygen distribution at GBs
Needles with a GB for APT analyses were cut nearby the location where a TEM foil was cut by applying focused-ion-beam milling under scanning electron microscopy (Miller et al., 2007; Thompson et al., 2007) . Even though a GB in a needle was invisible by scanning electron microscopy, the location in scanning electron microscopy images was predicted considering the geometry of the GB obtained with the TEM data, and the needle was sharpened until the apex was close to the expected location of the GB. Then 3D distribution of oxygen atoms was determined with a local electrode atom probe (Ametek, LEAP4000X HR) equipped with a ultraviolet laser (wavelength: 355 nm, pulse repetition rate: 200 kHz, pulse energy: 30 pJ). The base temperature of the needle was 35 K during APT measurements, and an ion detection efficiency was about 37%. The ratio of the doubly charge state to the singly charge state for Si (Si ++ /Si + ) was more than 100. 3D oxygen maps were reconstructed with the Integrated Visualization and Analysis Software protocol (Gault et al., 2011) .
In a 3D Si map viewed normal to the needle axis, we barely observed Si{220} lattice planes with the spacing of 0.19 nm when the needle axis was almost normal to {220} (Ohno et al., 2017) . Thus, the depth resolution along the needle axis was estimated to be about 0.2 nm. Meanwhile, the resolution perpendicular to the needle axis would be about half as good as the depth resolution (Shimizu et al., 2011) . Therefore, the resolution normal to the GB plane, that was inclined from the needle axis, was roughly estimated to be 0.4 nm.
The exact location of the LATB in a needle was determined with pole patterns observed in two-dimensional (2D) Si density maps (Southon et al., 1975; Torres et al., 2011) , within a slice of 0.2 nm thick at different depths from the apex of the needle. The local magnification at a low index pole and trajectory aberrations would result in a lower Si density in the reconstructed volume. Therefore, even though the emission rate of Si at the pole was the same as that for adjacent areas of the tip apex, a pole pattern, similar to Kikuchi lines observed by electron diffraction, appeared in the 2D Si density maps viewed along the needle axis. For instance, a cross-shaped pattern was observed in Figures 1(D) or (I). Considering the crystallographic pole figure for the corresponding grain obtained with TEM data (Figs. 1B, C) , the rays in the pattern appeared along the great circles for the <110> zone axes. Therefore, a <100> pole was observed in our APT measurements. The maximum collection angle for the measurements was estimated to be 35°( the broken circle in Figs. 1B, C) . When a GB existed at the apex, i.e. the top and bottom grains coexisted, the pole patterns for the grains coexisted in the corresponding 2D Si density map ( Figs. 1D-I ). The location of the GB in each map was determined to be the border of the pole patterns . Since the border in a 2D map was determined with a resolution of 0.4 nm, the precision of the GB position was also expected to be about 0.4 nm.
The oxygen density within a slice of 0.4 nm thick and about 100 × 100 nm 2 in area was estimated at different distances from a GB plane, and the oxygen density profile across the GB was determined. Considering the number of Si atoms within a slice (about 200 000) and the ion detection efficiency (about 37%), the impurity detection limit was estimated to be about 0.01 at.%.
Results and discussion
Segregation at dislocation arrays in GBs
Oxygen segregation at pure SATBs in CZ-Si ingots, in which parallel edge dislocations with the Burgers vector of a/2 <110> were arranged at similar distances between the dislocation cores, was examined by APT (Ohno et al., 2015b) . Even though the dislocations were barely visible in a needle by APT, TEM of the needle after the APT measurement revealed that isolated oxygen atoms segregated along the dislocation lines (Ohno et al., 2015b) ; oxygen atoms agglomerated along parallel straight lines arranged at similar intervals ( Fig. 2A) , and the morphology of these lines was similar to one of the edge dislocations at the TB remaining in the APT specimen after the APT measurement. Since oxygen atoms in the isolated form are not a dopant, i.e. they act as neutral impurities when they locate at the bond-centred interstitial sites, they would not induce complicated electronic effects (extended carrier behaviours around impurity ions or drastic configurational changes of impurity atoms to localize such carriers) (Arias & Joannopoulos, 1994; Kohyama, 2004; Yamamoto et al., 2014) . Therefore, they would adopt atomic sites that reduce the overall lattice distortions. They can induce a compressive stress (Bullough & Newman, 1963) , since their covalent radius (0.068 nm; Van Vechten & Phillips, 1970 ) is larger than half of the Si radius (0.117 nm; Van Vechten & Phillips, 1970) . Therefore, 2D distribution of oxygen density along a dislocation was examined (Fig. 2B) , and it was compared with the 2D distribution of tensile hydrostatic stress around the dislocation core (Fig. 2C) , estimated with the standard elastic theory (Hirth & Lothe, 1982) . It was hypothesized that oxygen atoms would segregate at atomic sites under the tensile stress above about 2.0 GPa induced by the dislocations (Ohno et al., 2015b) .
The maximum density at a dislocation varied depending on the distances between the dislocation cores in SATBs, since the stressed area around the dislocations would depend on the distances (Ohno et al., 2015b) .
Similar to the SATBs in CZ-Si ingots, oxygen atoms would segregate at atomic sites under the tensile stress above about 2.0 GPa introduced around pure SATBs in mono-cast Si in- gots (Figs. 2D-F) . As shown in Figures 2B and E, the maximum density at a dislocation in a mono-cast Si ingot was about 1/2 lower than in a CZ-Si ingot when the distances between the dislocation cores were similar (Ohno et al., 2016) . This suggests that the number of oxygen atoms segregating at unit GB area N GB would be related to the average oxygen concentration [O i ] in Si ingots, since [O i ] was about 0.002 at.% for CZ-Si and about 0.0006 at.% for mono-cast Si.
Oxygen segregation was also observed at GB dislocations on 5{013} GBs in mono-cast Si ingots (Fig. 2G) , as reported (Ohno et al., 2016) . The Burgers vector of the GB dislocations was a/10<013>, whereas that of edge dislocations in SATBs was a/2<110>. The stressed area at the GB dislocations would be, therefore, about 1/5 smaller than at the edge dislocations.
The maximum density at a GB dislocation in Figure 2 (H) was about 1/6 of the edge dislocation in Figure 2 (E), supporting our hypothesis that oxygen atoms would segregate at atomic sites under the tensile stress above about 2.0 GPa.
Segregation at large-angle GBs
Oxygen atoms did not agglomerate at pure 3{111} GBs (Stoffers et al., 2015; Ohno et al., 2013 Ohno et al., , 2017 . This indicates that the intrinsic segregation levels of the GBs is rather small, as theoretically expected (Yamamoto et al., 2014) , because of no dangling bond and little bond distortion at the GBs (Kohyama, 2004) .
Oxygen atoms segregated at pure 9 GBs, but their 3D distribution varied depending on the GB plane (Ohno et al., 2017) . For 9{114} GBs, the density profile across the GB plane in an undoped ingot was almost the same as that in doped ingot (Fig. 3C) , suggesting that the dopant atoms does not affect the segregation levels of the GBs. The oxygen density peaked off the GB plane in one grain by 0.4-0.8 nm. Considering the precision of the GB position (about 0.4 nm), these offsets would be significant. Therefore, the density profile would be asymmetric with respect to the GB plane. Besides, the density peaked at almost equal intervals from the 9{221} GB plane; the density profile would be more symmetric with respect to the GB plane, irrespective of the dopant concentration (Fig. 3F) .
We discuss the segregation levels of those 9 GBs in terms of the atomic hydrostatic stress around the GBs, as proposed theoretically (Kaeshammer & Sinno, 2013 . The bonding network nearby the GB plane in 9{114} GBs was asymmetric ( Fig. 4A) , whereas that in 9{221} GBs was symmetric (Fig. 4D) . Depending on the structural symmetry, the bodycentred sites under a tensile stress above about 2 GPa exhibited asymmetric distribution in 9{114} GBs (Figs. 4B,  C) , whereas the stressed sites distributed symmetrically in 9{221} GBs (Figs. 4E, F), as observed in Figures 3(C) and (F) (Ohno et al., 2017) . The number of the stressed sites per unit GB area n bc for 9{441} GBs was about three times larger than for 9{221} GBs. The estimated ratio of 3 agreed with the ratio of N GB for 9{114} GBs to N GB for 9{221} GBs, suggesting that the atomic sites under tensile stress would be the preferential segregation sites for oxygen atoms (Ohno et al., 2017) . This is consistent with the results for SATBs and arrays of GB dislocations shown in Figure 2 .
The heavily stressed sites in 9{114} GBs distributed around the <110> reconstructed bonds, indicated with the triangles in Figure 4 (A). It is considered that [110] tilt boundaries in Si with a tilt angle of larger than 70.5°inevitably have stretched [110] reconstructed bonds, whereas those smaller than 70.5°are without such long bonds (Kohyama, 2004) . The origin of larger segregation levels of 9{114} GBs is, therefore, large atomic stress due to the stretched bonds.
Similar analyses were performed at pure 27{552} GBs (Ohno et al., 2017) . The density profile was symmetric with respect to the GB plane, reflecting the structural symmetry nearby the GB plane. The number of segregation sites n bc estimated with an empirical potential (Kashammer & Sinno, 2013) was about four times larger than in 9{221} GBs, and this is consistent with the ratio of N GB for 27{552} GBs to N GB for 9{221} GBs (Ohno et al., 2017) . All the APT results for 3, 9 and 27 GBs in CZ-Si ingots indicate that N GB is in proportion to n bc .
The number of segregating oxygen atoms N GB at pure 5{013} GBs in mono-cast Si ingots was about 1/3 smaller than at 9{221} GBs in CZ-Si ingots (Ohno et al., 2016) . However, the number of segregation sites n bc expected in 5{013} GBs was of the same order as in 9{221} GBs. This suggests that N GB is also proportional to [O i ], since [O i ] in our monocast Si ingots was about 1/3 lower than in CZ-Si ingots, even though N GB may depend on other factors such as the oversaturation of oxygen in the ingot and the temperature history. This is also consistent with the results for SATBs shown in Figure 2 .
Mechanism of oxygen segregation at GBs
The results of the present study can be summarized as measurements of N GB and estimates of n bc [O i ] as a function of the GB energy ( Figure 5 ). The number of segregation sites n bc for SATBs at different GB energies was calculated for the critical stress of 1.5 and 2.0 GPa. The n bc for GB dislocations on 5{013} GBs was the sum of the number of the segregation sites for 5{013} GBs and that due to GB dislocations. These data suggest a strong correlation between the number of segregating oxygen atoms and the number of the atomic sites under tensile stress with N GB ß 50 n bc [O i ]. The proportional coefficient of 50 indicates that oxygen atoms preferentially segregate into the atomic sites under tensile stress; the probability of oxygen atoms at the segregation sites would be, on average, 50 times larger than in bond-centred sites in defectfree regions. Figure 5 indicates that the segregation sites for GB dislocations on a LATB would be the sum of the atomic sites under tensile stress due to GB dislocations and those due to the LATB. The number of the stressed sites due to a dislocation is almost proportional to the square of the Burgers vector (Ohno et al., 2015b) . Considering the short Burgers vector of GB dislocations in comparison with the dislocations in SATBs, dislocations in LATBs rather than in SATBs are desirable from a viewpoint of oxygen segregation.
In cast-Si ingots, high segregation levels is frequently reported for LATBs, even for 3{111} GBs. The activity of 3{111} GBs increases with increasing the impurity concentration in cast-Si ingots (Chen et al., 2005; Tsurekawa et al., 2013) . A significant segregation levels in cast-Si ingots would not be dominated by inhomogeneously distributed GB dislocations (Buonassisi et al., 2006; Ohno et al., 2016) , since the electrical activity is homogeneously increased on the whole area of the GBs as the impurity concentration increases (Arafune et al., 2006; Chen et al., 2011) . A plausible origin of the ability is bond distortions at the GBs (Sarau et al., 2011) , because large strains are inherent in cast-Si ingots (Fukuzawa et al., 2010) , especially in a grain where Si melt is enclosed by grains when it solidifies (Kutsukake et al., 2009) . Actually, impurity atoms would segregate at stacking faults bound by dislocations (Ohno et al., 2010) , in which a structure similar to strained 3{111} GBs (Lehto, 1997) would be inherent. This suggests that multi-crystalline Si ingots with small residual stress are desirable from a viewpoint of suppression of oxygen segregation.
Conclusion
By using APT combined with scanning TEM and ab initio calculations, we investigated 3D distribution of oxygen atoms segregating at the typical SATBs and LATBs in CZ-and monocast Si ingots. Oxygen atoms would segregate at bond-centred sites under tensile stress about 2 GPa, so as to attain more stable bonding network by reducing the local stress. The number of oxygen atoms segregating in a unit GB area N GB (in atoms nm −2 ) was determined to be proportional to both the number of the atomic sites under tensile stress in a unit boundary area n bc and the average concentration of oxygen atoms around the boundary [O i ] (in at.%) with N GB ß 50 n bc [O i ].
